Objective: This is a prospective study of the effects of prenatal marijuana exposure on the intelligence test performance of 648 children at a 6-year follow-up. Method: Women were interviewed about the amount and frequency of their marijuana use at 4 and 7 months of pregnancy and at delivery. Participants were light to moderate users of marijuana and represented a lower income population. Children were assessed with the Stanford-Binet Intelligence Scale by examiners blind to exposure status. Multiple regression was applied to examine the effects of prenatal marijuana exposure on children's intelligence after partialing out the effects of other significant predictors. Results: There was a significant nonlinear relationship between marijuana exposure and child intelligence. Heavy marijuana use (one or more cigarettes per day) during the first trimester was associated with lower verbal reasoning scores on the Stanford-Binet Intelligence Scale. Heavy use during the second trimester predicted deficits in the composite, short-term memory, and quantitative scores. Third-trimester heavy use was negatively associated with the quantitative score. Other significant predictors of intelligence included maternal IQ, home environment, and social support. Conclusions: These findings indicate that prenatal marijuana exposure has a significant effect on school-age intellectual development.
on intelligence at age 3 continued to be evident at age 6 years.
Animal studies show that cannabinoid exposure during gestation disrupts the ontogeny of the developing brain and modifies motor behavior and cognition among rodents.3-6 PME may target the cannabinoid receptor CB1 present in the CNS, disrupting the regulation of neural development, 7 including migration, differentiation,8-1 0 and synaptic communication. ll Mereu and colleagues1 2 found that prenatal exposure to a CBi receptor agonist caused memory deficits and hyperactive behavior among rats. The biological mechanism underlying the memory impairment was attributed to a decrease in hippocampal glutamate outflow. Thus, from animal studies, it is known that PME results in changes in brain development that have longlasting consequences for cognitive function. The question is whether these adverse outcomes found in animals can be translated to intellectual deficits in humans.
In humans, reports of the effects of PME on child intelligence have been inconsistent. In the MHPCD study, PME predicted significantly lower scores on the Bayley Scales of Infant Development, Mental Development Index1 3 at 8 months of age.' 4 At 18 months of age, there were no effects of PME on this measure. At the 3-year follow-up, PME was a significant predictor of decreased SBIS verbal and short-term memory scores among the African American children and among white children who did not attend preschool/day care. ' In the Ottawa Prenatal Prospective Study (OPPS), at 1 and 2 years of age, no relation was found between the Bayley Scales of Infant Development, Mental Development Index and PME.1 5 At age 3 in the OPPS, children exposed to more than five marijuana cigarettes per week during gestation had significantly lower quantitative scores on the McCarthy Scales of Children's Abilities16 compared with the rest of the cohort,' 7 but this difference was not significant after controlling for demographic variables. At 4 years, after adjusting for other risk factors, significant associations between PME and deficits in the McCarthy Scales of Children's Abilities verbal and memory subscales were found. At 5 and 6 years, there was no significant association between PME and cognitive functioning.1 8 Similarly, in a longitudinal study of rural Jamaican children,1 9 no significant differences were found between marijuanaexposed and -unexposed children on the McCarthy Scales of Children's Abilities at 4 and 5 years of age. Noland et al. 20 did not find an adverse effect of PME on executive functioning tasks at 4 years of age.
In the present study, the association between PME and child intelligence test performance at age 6 was examined. PME was measured at each trimester of pregnancy, and both timing and severity of exposure were considered. Other variables that influence child cognitive development such as familial socioeconomic status, 2-23 postnatal home environment, 25 maternal intellectual ability, 26 social support, 27 and prenatal exposure to alcohol 28 -30 and tobacco1 7 were controlled for in the analyses. The effects of PME on child IQwere evaluated relative to the effects of other significant predictors.
METHOD Study Design
Pregnant women who were at least 18 years of age and attended the prenatal clinic at the Magee-Womens Hospital were approached at their fourth prenatal month visit to enroll in the J. AM. ACAD. CHILD ADOLESC. PSYCHIATRY, 47:3, MARCH 2008 PRENATAL MARIJUANA AND CHILD INTELLIGENCE MHPCD project, a study of the effects of prenatal marijuana and alcohol exposure. The project was approved by the institutional review boards of the Magee-Womens Hospital and the University of Pittsburgh. A total of 1,360 women were screened. All of the women who reported using two or more marijuana cigarettes per month during the first trimester of pregnancy, and all women who reported drinking three or more drinks per week during the first trimester were selected. After each marijuana and/or alcohol user was enrolled, a woman who reported using less than these amounts was also selected. Thus, the sample represents the continuum of marijuana and alcohol use. Information regarding marijuana, alcohol, tobacco, and other drug use during the first, second, and third trimesters of pregnancy was obtained at the fourth and seventh months of pregnancy and at delivery, respectively.
The MHPCD birth cohort consisted of 763 live singleton newborns. At 6 years, 668 subjects were interviewed, which represents 88% of the birth cohort. Subject losses between birth and 6 years were due to death of the child (n = 4), adoption (n = 8), family moved out of the stare (n = 41), refusals (n = 34), and lost to follow-up (n = 8). Of the 668 subjects who were interviewed at the 6-year follow-up, 19 children with a physical or mental disability were excluded from the analyses, and 1 child was not tested. This report is based on 648 children. There were no significant differences in prenatal substance exposure or demographic characteristics between subjects included in this analysis (n = 648) and those who were not included (n = 115).
Characteristics of the Study Cohort
The maternal characteristics are listed in Table 1 . At recruitment, most of the women had a high school education and were single. The MHPCD participants were generally of lower social status with a median monthly family income of $350 at the first interview and $900 at 6 years postpartum. Forty-seven percent of the women were white and the rest were African American.
The children were, on average, 6.5 years old (SD 0.5) at the 6 -year assessment. The cohort was equally divided between males and females. Four percent of the children did not live with their biological mothers at the time of the interview. In these cases, the 
Measures
Maternal Substance Use. Prenatal marijuana use was measured based on the quantity and frequency of marijuana, hashish, and sinsemilla use for each month of the first trimester and across the second and third trimesters of pregnancy. Because the concentration of A-9-tetrahydrocannabinol in each substance differs, the quantities of hashish and sinsemilla were transformed into three and two marijuana cigarettes, respectively, 32 ' 33 and marijuana exposure was then expressed as the average daily "joints" (ADJ). The development of the MHPCD substance use questionnaire, ascertainment of pattern of use, duration and quantity of use, and methods to minimize recall error and maximize honest reporting are described in detail elsewhere. 34 Consumption of all types of alcoholic beverages was summed and average daily volume of alcohol use was calculated using the quantity and frequency of beer, wine, and liquor use during each trimester of pregnancy. A natural logarithm of average daily volume of alcohol use was used in these analyses to decrease skewness. Prenatal tobacco exposure was measured by the number of tobacco cigarettes smoked per day. Information regarding the quantity and frequency of cocaine use was also collected, but due to its low prevalence in this cohort, it was dichotomized to use (= 1) and no use (= 0) across pregnancy. At 6 years postpartum, maternal substance use was assessed for the preceding year, using the same questions as in the prenatal questionnaires.
Intelligence. The SBIS Fourth Edition 2 was used to measure the child's cognitive development at 6 years. The scale consists of four area subtests: verbal reasoning, quantitative reasoning, abstract/visual reasoning, and short-term memory. The abstract/visual reasoning subtest is referred to as fluid-analytic ability and requires cognitive skills to solve nonverbal novel tasks. 2 The verbal and quantitative reasoning subareas are referred to as crystallized intelligence 35 or scholastic abilities' because they are influenced by schooling and rely on acquired knowledge. The composite score and the area subtests were standardized according to the child's age. For age 6, the composite score has an internal consistency reliability score of 0.96 and an SE of measurement of 3.2 points.2 256 WWW.JAACAP.COM Children were assessed by trained examiners who were blind to maternal prenatal and current substance use. The area scores and the total composite score were used in this analysis to examine whether the effects of prenatal exposure were specific to a certain domain of function.
Other Variables
Maternal cognitive ability was measured by the WAIS-R vocabulary and block design subtests. 36 Maternal psychological measures included depressive symptoms, using the Center for Epidemiological Studies-Depression Scale, 37 and hostility, assessed with the Spielberger StateTrait Anxiety Inventory. 38 Social environment was assessed with maternal variables, including the number of life events, the number of close relatives and friends, level of satisfaction with relatives' support (0 = very dissatisfied, 4 = very satisfied), and level of satisfaction with friends' help and support. Life events and social support were from the Psychiatric Epidemiology Research Interview Life Events Scale 39 and the Human Population Laboratory 40 instruments, respectively. At 6 years, the Home Screening Questionnaire (HSQ) 3 1 was completed by the primary caregiver to measure the child's home environment. The HSQ consists of 34 questions regarding the physical home environment, parent-child interaction, discipline methods, and variety of stimulating materials and toys in the household. The questionnaire is designed for low socioeconomic status families and is written at a third to fourth grade reading level. The internal consistency and test-retest reliability coefficients are 0.80 and 0.86, respectively. Nutrition was assessed by the total recommended daily allowance 4 1 of the four major food groups (dairy, protein, fruits/ vegetables, and grains) consumed by the child. Information about the intake of each of the food groups was provided by the caregiver. The recommended daily allowance ranged from 0 (did not meet the recommended level for any of the four major food groups) to 4 (met the criteria for all four groups).
Data Analysis
Bivariate analyses were applied first to determine the shape and strength of the association between prenatal marijuana exposure and child's performance on the SBIS at age 6. Multivariate analyses were then used to control for significant covariates. The composite score and each area score were analyzed separately to determine whether the effects of PME on cognitive development were specific to a certain area. Each trimester of pregnancy was analyzed separately to assess the differential impact of exposure at different times during pregnancy.
A comparison of average SBIS scores at different levels of marijuana exposure was used to examine whether PME was linearly related to SBIS. In addition, the nonlinear model SBIS = c -13*tanh(7* ADJ -5) + error, where tanh denotes hyperbolic tangent function, was fitted to the data. This function is flexible and, based on the estimated parameters ct, P3, 7, and 5, can resemble either a step function or a straight line. 4 2 A step function indicates a threshold effect, whereas a straight line indicates a dose-response relation. This function can also indicate at what level of exposure the threshold occurs. The threshold is estimated by the ratio of 6/7. S-plus nonlinear least-squares minimization program43 was used to estimate these parameters. The fitted model was then plotted to assess the shape of the relation between PME and the SBIS.
Potential variables considered for inclusion in the model were selected based on the literature and on their association to the SBIS in the MHPCD cohort. These variables included maternal variables (cognitive ability; age at delivery; ethnicity; current level of education; income; work status; marital status; depressi6n; hostility; social support; number of life events; and current use of marijuana, alcohol, tobacco, and cocaine), environmental measures (total number of people in the household, presence of a man in the household, drug and alcohol problems of the man in the household, and current home environment), child variables (sex, nutrition, number of siblings, poor speech/vision/hearing, number of injuries, hospitalizations, and illnesses; and prenatal exposures to alcohol, tobacco, and cocaine).
To reduce the number of covariates, only'variables that were related to the SBIS at an at level of .05 (equivalent to zero order correlation of 0.07) were included in the model. A stepwise multiple regression was used to assess the contribution of PME to the prediction of offspring SBIS while controlling for other significant covariates. In addition to the magnitude of the effect (regression coefficient) and its significance, the percentage of variation explained by each variable in the regression model (R 2 ) is given to illustrate the relative contribution of PME in explaining the total variation in the outcome.
The regression assumptions were examined by plotting the regression errors versus the predicted 4 4 Cases with large SEs were suspected of being outliers, and the modified Cook's distance was used to measure the influence of each case on the regression line. One outlier was identified. In this case, the child's composite score was much higher than expected relative to maternal cognitive ability. Because exclusion of this case did not alter the results, the subject was not removed from the analyses.
RESULTS
Forty-four percent of the women (284/648) reported marijuana use at any time during pregnancy. To describe the distribution of use at each trimester, women were categorized as abstainers, those who smoked less than one marijuana cigarette per day (light/moderate users), and those who smoked one or more marijuana cigarettes per day (heavy users). The frequency of prenatal and current marijuana use based on these categories is shown in Table 2 . In general, women decreased their use after recognition of pregnancy except for 16 women (2.5%) who initiated marijuana use while in their second and third trimester of pregnancy. On average, first-, second-, and thirdtrimester heavy users smoked 2.3, 2.0, and 2.4 marijuana cigarettes per day, respectively. Although marijuana use between trimesters was moderately correlated, ranging from 0.56 to 0.64, the pattern of use was not consistent. Only one third of women who reported smoking at the rate of one or more marijuana cigarettes per day during the first trimester of pregnancy continued to smoke at this rate during the later part of their pregnancy, and only 53% of second-trimester heavy users (ADJ > 1) smoked at that rate during the third trimester of pregnancy. Note: Abstainer = no use; light/moderate = more than 0 and less than one marijuana cigarette per day; heavy = one or more marijuana cigarettes per day.
sizes differ due to missing data. A comparison of women who used marijuana during pregnancy (n = 284) with women who abstained (n = 364) showed that marijuana users, on average, had lower mean monthly family incomes at the first interview ($403 versus $483, p < .001) and at 6 years postpartum ($1,101 versus $1,251; p < .05) compared with the abstainers. Users were more likely than abstainers to be single (25% versus 38%; p < .001). Marijuana users scored lower on the WAIS-R than abstainers (86.7 versus 89.8; p < .001) and provided poorer home environments as measured by the HSQ (38.8 versus 40.7; p <.001). Women who used marijuana during pregnancy were also significantly more likely to report using alcohol, tobacco, and cocaine prenatally and at 6 years than the women who abstained during pregnancy. At the fourth prenatal month, 75%, 64%, and 6% of marijuana users used alcohol, tobadco, and cocaine, respectively, compared to 56%, 46%, and 2% among those who abstained. Fifty-one percent of 258 WWw.JAACAP.COM alcohol users did not use marijuana and 47% of tobacco users did not use any marijuana during pregnancy. Therefore, although there was overlap between substances, it was not complete.
The average SBIS test scores across different levels of PME are presented in Table 3 . Bivariately, the composite scores of children exposed to heavy use (ADJ >_ 1) during any trimester of pregnancy were significantly lower than the scores of children of abstainers and light/moderate users. Heavy exposure to marijuana during gestation was also significantly associated with poorer performance on the verbal and quantitative reasoning and short-term memory subscales. There were no significant differences between PME groups on the abstract/visual reasoning subscale.
Prenatal marijuana exposure expressed as a continuous variable was significantly correlated with child's IQ. The correlations between the SBIS composite score at age 6 and first-, second-, an marijuana use were -0.13, -0. respectively. However, as can be se the means of the SBIS composite anc different levels of prenatal marijuana The children of light/moderate us differently from the children of absta outcome variables. The fitted hy function also portrayed a nonlinear The best fitted estimates indicated a ADJ of 1, 0.7, and 1 for the first, trimesters, respectively. Therefore, analyses, these two groups were combi to heavily exposed children.
In the regression analyses, secon marijuana exposure was significantly child's SBIS composite score after co (Table 4) . First-and thirden from Table 3, trimester exposures were not significantly associated d area scores across with the SBIS composite score once home environment ise were not linear, and demographic differences were taken into account. ers did not score Additional significant predictors of the composite iners on any of the score included maternal cognitive ability, social support, 7perbolic tangent race, number of people in the household, home relation (Fig. 1) . environment (HSOQ, alcohol problems of the man in threshold effect at the household, number of child's illnesses, and maternal second, and third depression. Fifteen percent of the total variation in the for the regression composite score was explained by maternal cognitive ned and compared ability. Other predictors combined explained 8.5% of the variation, and PME explained an additional 1% of the id-trimester heavy variation in the SBIS composite score. Current maternal associated with the marijuana use was not related to the SBIS scores. The *ntrolling for other average SBIS composite scores among the offspring of current abstainers, light/moderate users, and heavy users were 92.0, 90.1, and 90.7 (p = 0.4), respectively. First-trimester heavy marijuana exposure was significantly related to verbal reasoning, resulting in a deficit of 2.6 points (Table 4) . Heavy prenatal marijuana use during the second and third trimesters of pregnancy * significantly predicted performance on the quantitative reasoning subscale while controlling for other predic-
tors. The magnitudes of the effects were 8 and 5 points, respectively. Second trimester heavy marijuana exposure was also significantly associated with a decreased score on the short-term memory subscale in the regression analysis (coefficient = -4.5). We previously reported that PME was not a significant predictor of the child's composite score at age 3 for the total cohort. 1 The current analyses showed that PME was a significant predictor of the composite 6 7 8 9 score at age 6 for the total population. To examine whether there was an overall change in children's IQ from ages 3 to 6 years in the cohort i6i general, and among PME children in particular, a repeated-measures analysis was conducted. The composite score of second trimester heavily exposed (ADJ > 1) children decreased by an average of 7.5 points between ages 3 and 6, compared to a change of 3.6 points among nonexposed or lightly exposed children. In the repeated-measures analysis, both heavy PME and time were significant inclusion of preschool/day care attendance at age 3 in the model. On average, the composite score of children who attended preschool was 3 points higher than those who did not attend preschool, after controlling for other significant predictors (p < .01). PME remained a significant predictor of child's IQ at age 6 with preschool attendance included in the model and the effect size did not decrease. Because information about preschool/day care attendance was missing at the 6-year phase for 43 children, this variable was not included in the final model for the current analyses.
DISCUSSION
Children who were prenatally exposed to marijuana at the level of 1 or more marijuana cigarettes per day had lower intelligence test scores at age 6 than their nonexposed peers, controlling for significant covariates. Exposure during the first trimester of pregnancy was related to a deficit in verbal reasoning; second-trimester exposure was associated with lower scores on the composite, short-term memory, and quantitative reasoning subscales; and PME during the third trimester of pregnancy also predicted lower scores on the quantitative reasoning measure. The observed deficits were not linear but were associated with heavy use defined as one or more marijuana cigarettes per day.
The large sample size in the MHPCD study provided adequate statistical power to detect even small effects of PME on the SBIS, while controlling for prenatal exposure to other drugs such as alcohol, tobacco, and cocaine and for the social and environmental factors. A large proportion of variability in child IQ was explained by maternal cognitive ability, whereas the additional variance explained by the social and environmental factors was small. After controlling for these risk factors, PME explained a small but significant portion of the performance on the SBIS measures of child intelligence.
The effect sizes of PME, although small, were comparable to the effect sizes of other predictors. After adjusting for other predictors, the SBIS composite score of children exposed to one or more marijuana cigarettes during the second trimester of pregnancy was 5 points lower than their nonexposed or more lightly exposed peers, a deficit that is greater than the error of measurement.
These findings are of concern, but they do not by themselves demonstrate causality. The inability to randomly assign subjects to treatment groups is an inherent limitation of human studies, and it is not possible to eliminate all of the sources of differences between the exposed and unexposed groups or to fulfill experimental criteria, such as Koch's postulates, that demonstrate causality. Epidemiological studies use other criteria to impute causality, including biological plausibility, strength of association, consistency, doseresponse relationships, and specificity.
With respect to biological plausibility, we noted in the Introduction that laboratory studies have demonstrated a direct effect of PME on the developing brain. The dose and the mode of administration in these studies differed from those of the women during pregnancy and we cannot make a direct comparison. Nonetheless, they provide confirmatory biological evidence of an association between PME and cognitive functioning.
We previously reported a significant association with PME and cognitive functioning among African American children at age 3 in this cohort, whereas preschool and day-care attendance ameliorated the effect of PME among the white 3-year-olds. At the 10-year phase, 4 5 we found significant negative effects of PME on the design memory and screening index scores of the Wide Range Assessment of Memory and Learning 46 and the exposed children had lower school achievement test scores.47 Thus, we have found a consistent pattern of effects on cognitive abilities across the phases of the study. The cognitive domains that were associated with PME in our cohort parallel those found by the OPPS at age 4. 7 In our study, the observed effects were associated with heavy use. This lack of linearity has also been reported by the OPPS, in which effects of PME on offspring cognitive functioning at 3 to 4 17 and 13 to 1648 years were only found among offspring of heavy users. Other studies, as we noted in the introduction, did not find effects of PME. This may be associated with different measures, smaller sample sizes, or differing levels of marijuana use. Predictors of performance on the SBIS, such as maternal IQ, social support, and preschool attendance, were the same as other researchers have reported, 2 6 ' 27 which also supports the validity of our results. Thus, although we cannot make direct causal statements using the same criteria as laboratory experiments, we are able to demonstrate that these results are biologically plausible and the associations are significant, demonstrating strength of association. There is consistency between our results and the results of other studies, as well as consistency across phases within our study, and the effects are specific to certain domains, a finding that was also reported by the OPPS.
Second-trimester PME was the best predictor of lower IQ scores. However, 24 of 30 of the secondtrimester heavy users also used marijuana heavily in the first trimester and 16 of 30 used marijuana heavily in the third trimester. The third-trimester effect on quantitative reasoning is likely a reflection of second-trimester exposure because almost all of the women who used marijuana in the third trimester were also secondtrimester users and half of the heavy second-trimester users were third-trimester heavy users. Exposures late in the first trimester and in the second trimester are congruent with what is known about brain development including the timing of the development of the endogenous cannabinoid 4 9 and opioid systems.
5°T
hese two systems have been shown in animal research to be affected by PME. 3 ' 51 The final test of timing during gestation will have to be done using experimental laboratory studies with animal models.
Strengths of this study include high retention rates; a detailed assessment of marijuana, alcohol, tobacco, and other drug use during each trimester of pregnancy and at each follow-up phase; and a comprehensive assessment of factors that influence cognitive development such as home environment, maternal cognitive ability, and sociodemographic characteristics. A potential limitation of the present study is the use of the SBIS as the sole measure of cognitive functioning. Although the SBIS has excellent psychometric properties, high reliability, and good content and construct validity, 2 it does not measure more specific aspects of cognition such as learning and memory, problem solving, and concept formation.
In conclusion, we have demonstrated that in this lowincome population, there is a significant association between PME at levels of at least one marijuana cigarette per day and deficits in cognitive functioning at age 6. The cognitive deficits related to PME were specific to verbal and quantitative reasoning and to short-term memory. As we indicated previously, the deficits were not only statistically significant but they were also greater than the error of measurement. Deficits in these domains could impair a child's academic functioning. These domains can be improved by scholastic and memory enhancement programs. Early detection of these deficits and educational placement in the early elementary school years may prevent future learning problems. The magazine publisher is the copyright holder of this article and it is reproduced with permission. Further reproduction of this article in violation of the copyright is prohibited.
